Abstract: Neutral lipids are ubiquitously found in nature, serving primarily as energy storage compounds. The ability to control the rate of neutral lipid bioassembly is of particular interest in numerous applications. For example, restriction of triacylglycerol and steryl ester synthesis in mammals could serve as adjuvant therapies against important diseases. In oilseeds, a boost in triacylglycerol accumulation would have a great impact in agriculture. Developing mechanisms to regulate neutral lipids synthesis requires rather specialized experimental designs where highthroughput screening approaches could be applied. Here we describe several enzyme targets that catalyze the bioassembly of neutral lipids, and potential applications for mechanisms that regulate their activity. We also describe different biochemical and cell-based assays to detect neutral lipid biosynthesis that are compatible with high-throughput formats. Several examples of established and prospective applications for these assays are discussed.
Introduction
Experimental designs involving rapid analysis of large sets of samples are becoming increasingly popular in life sciences. High-throughput screening (HTS) is often used to describe a segment of drug discovery technologies where libraries of compounds are tested for an effect against a protein target. HTS techniques have been used also in different applications including directed evolution and inverse metabolic engineering. These techniques can be divided into two major categories: biochemical assays and cell-based assays. Biochemical assays are performed in miniaturized in vitro formats and have been used to detect and quantify the activity of a variety of different enzymes. [1] [2] [3] [4] In vitro reconstituted enzyme activity, however, does not always translate into an effect in vivo. Cell-based assays overcome this problem because the effect is measured directly in a live cell-context. This type of assay is becoming more frequently used 5 because it allows the screening of multiple targets in a pathway, highlighting compounds that can infiltrate cells and also providing indications of cytotoxicity.
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Targets and applications in neutral lipid research
Neutral lipids are compounds of reduced carbon and can be divided into distinct groups based on their chemical structures: triacylglycerol (TAG), steryl ester (SE), wax ester (WE), and polyhydroxyalkanoate (PHA). These compounds typically function as a repository of energy that can be utilized in conditions of nutrient deprivation. Indeed, neutral lipids are very efficient forms of energy storage. For example, the energy of complete oxidation of long acyl chains is more than twice that of the energy derived from the same weight of carbohydrate or protein. These lipids are deposited into cytoplasmic lipid droplets 10, 11 without requiring water of solvation and thus having practically no effect on the osmolarity of the cytosol. Excessive accumulation of neutral lipids in mammals is generally not desired as it is associated with different pathologies. In contrast, in certain plants and fungi, increased production of these lipids is sought for their industrial applications.
Triacylglycerol
TAG is an acyl ester of glycerol found in virtually all eukaryotes and also in some prokaryotes. [12] [13] [14] It functions not only as an energy reservoir but also as an inert deposit of fatty acids that can be used to build membranes. The last committed step of TAG biosynthesis is catalyzed by diacylglycerol acyltransferase (DGAT, EC 2.3.1.20) that utilizes sn-1, 2-diacylglycerol (DAG) and acyl-CoA substrates. Two distinct polypeptides, referred to as DGAT1 15, 16 and DGAT2, [17] [18] [19] have been identified in a variety of eukaryotes. Compelling evidences showed that DGAT1 and DGAT2 have distinct physiologic functions in mammals and plants. [19] [20] [21] Another distinct DGAT, sometimes referred to as DGAT3, was identified in peanuts. 22 TAG synthesis is also catalyzed by phospholipid:diacylglycerol acyltransferase (PDAT, EC 2.3.1.158) which uses phospholipid as an acyl donor and DAG as an acceptor. 23, 24 In addition there is biochemical evidence for another enzyme known as diacylglycerol transacylase that utilizes two molecules of DAG to form TAG. 25 These enzymes can be collectively named TAG-synthesizing enzymes.
In mammals, TAG is associated with a number of homeostatic processes, including absorption of dietary fatty acids, energy storage in muscle and adipose tissues, and milk fat production. 26 Excessive accumulation of TAG contributes to obesity and hypertriglyceridemia that represent serious health care problems. Appropriate nutrition and regular exercise are the first choice to prevent these health problems. In certain cases, however, therapeutic approaches targeting appetite suppression, fat absorption, or rate of metabolism are used. More advanced generations of drugs, which control the biosynthesis of TAG by inhibiting relevant enzyme activities, have also been studied. 27 Treatments with A-922500, an inhibitor of DGAT1, have been demonstrated to reduce serum TAG levels in hypertriglycemic animal models. 28 A compound of the pyrimidino-oxazine class of DGAT-1 inhibitors also shows effective body weight reduction in mice. 29 These and other studies 30 suggest that small molecule inhibitors of DGAT have the potential to be used in the treatment of obesity and metabolic syndrome, underscoring the significance of an efficient and target-based HTS for DGAT activity.
TAG is the major component of vegetable oils that are commonly used in food preparation and also as a renewable feedstock for a number of industrial applications. Vegetable oils can serve as substitutes for petroleum-derived products in the production of different industrial fluids and lubricants. 31 Plants can be modified by metabolic engineering to enhance the production of seed oil. The capacity of oilseeds to accumulate oil is of paramount importance, and several strategies to increase TAG content in seeds have been explored. 32 Amongst these strategies is the overexpression of DGAT1 or DGAT2 in oilseeds which resulted in increases in seed oil accumulation. 33, 34 There is interest in increasing the activity of DGAT and other TAG-synthesizing enzymes in oilseeds and we are currently using a directed evolution approach on DGAT1 with this purpose. 35 In addition to increasing oil accumulation in seeds, plant metabolic engineering has been also used in the production of specialty oils with superior industrial or nutritional value. 36, 37 In this case, metabolic pathways leading to the synthesis of unusual fatty acids are transferred from the original organisms to crops with desirable agronomic features. 38 One of the bottlenecks frequently observed with this strategy is that nonnative fatty acids are not always efficiently incorporated into TAG. Selective TAG-synthesising enzymes that can utilize or not discriminate atypical substrates can create a metabolic pull into TAG, enhancing the accumulation of the desired fatty acids. 39, 40 Directed evolution has been used to modify the substrate selectivity of enzymes 41 and requires specialized HTS methods. Several applications in metabolic engineering of oilseeds would benefit from TAG-synthesizing enzymes with increased selectivity to substrates containing a particular acyl chain. 44, 45 ACATs were envisaged as promising targets for the development of drugs to prevent atherosclerosis and hypercholesterolemia. Over the last two decades, pharmaceutical companies have devoted considerable effort to develop novel drugs based on ACAT inhibitors. 46 Although some of these compounds, such as avasimibe and pactimibe, showed initial favorable results, they failed to reduce atherosclerotic lesions in clinical trials. [47] [48] [49] [50] It has been demonstrated, however, that inhibition of ACAT2 in the liver with antisense oligonucleotides protected against diet-induced hypercholesterolemia and SE deposition in the arteries of animal models, 51 indicating that therapies with ACAT inhibitors are feasible. Similar to DGAT, screening of small compounds that inhibit ACAT activity requires a target-based HTS design. Previous frustrations on finding effective ACAT inhibitors in humans highlight the need for a specialized cell-based HTS of new drugs which might increase the chances of identifying effective compounds.
Wax esters
A WE is a neutral lipid composed of a long-chain fatty alcohol esterified with a fatty acid. WEs are widely found in nature, predominantly in the surface layer of plants and insects that protect against moisture and prevent desiccation. 52 These lipids are also produced by mammalian meibomian and sebaceous glands and are involved in epidermal and ocular surface homeostasis, and also in the development of acne. 53 WEs are synthesized by the catalytic action of acyl-CoA:wax alcohol acyltransferases (wax synthase, WS, EC 2.3.1.75). WS genes were first identified from jojoba. 54 Subsequently, bifunctional enzymes with DGAT activity (WS/DGAT) were identified in petunia and Arabidopsis. 55, 56 In mammals, two enzymes presenting WS activity belong to the DGAT2 multigene family. 57 WEs have several industrial applications, including production of cosmetics, polishes, coatings, lubricants, and food-based products. 58 Historically these lipids were first obtained from sperm whales which are now considered an endangered species. The current sources of WEs are jojoba seeds, leaves of tropical plants, and a variety of insects including honeybee. WEs can be also produced by hydrogenation of castor oil which contains fatty acids with secondary hydroxyl groups. Castor wax is a component of coating formulations for wood, leather, and rubber. Strategies to produce WEs in transgenic plants have been envisaged, 54 highlighting the importance of discovering novel WS genes. A functional genomics approach could be employed for the discovery of novel enzymes from unexplored plant and animal sources. For example, the plant species Copernicia prunifera (Brazilian carnauba wax) and Euphorbia antisyphilitica (Mexican candelilla wax) and the insect Ceroplastes ceriferus (Chinese wax) are important sources of wax that have not yet been explored at the genomic level. Of particular interest are WSs selective for specific substrates such as those containing secondary hydroxyl groups. Directed evolution of WSs could be used to modify the substrate selectivity of these enzymes. Such applications would require a HTS method for detecting and quantifying the activity of WS in large scale.
Polyhydroxyalkanoates
PHAs are polyesters produced by a wide variety of bacteria serving as a reserve of carbon and energy. These compounds can be sorted into different classes based on their monomer composition, and each of these classes has unique physical properties. PHAs are produced by the catalytic action of PHA synthases (EC 2.3.1.B2, 2.3.1.B3, or 2.3.1.B4) that catalyze the polymerization of hydroxyacyl-CoA precursors. 59 PHAs have material properties similar to petroleum-based plastics like polypropylene, representing an attractive source of plastics that can be produced using renewable materials and degraded by microorganisms, thus minimizing the waste volume. 60 Because of high costs of fermentation-based processes and competition with well-established production of fossil fuel-based plastics, PHAs have been alternatively produced in plants through metabolic engineering. 61, 62 Directed evolution and protein engineering approaches have been used to increase the activity and modify the substrate selectivity of PHA synthases. [63] [64] [65] Both applications make use of specific HTS methodologies that have been established. 
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Biochemical assays: scintillation proximity assays
Standard methods to quantify the activity of enzymes involved in the assembly of neutral lipids require laborious assays. 66 Neutral lipids are hydrophobic molecules and their isolation entails time-consuming techniques involving extraction with organic solvents and/or thin layer chromatography. With the exception of DGAT3 from peanuts, most enzymes involved in neutral lipid synthesis are associated with membranes. 67 In order to obtain reliable measurements and higher specific activity values, microsomal fractions are often used as a source of these enzymes in in vitro assays. Membranes must be isolated with ultracentrifugation, further decreasing the throughput of the assay. In addition, the activity of enzymes that synthesize neutral lipids is notoriously low, requiring the use of radiolabelled substrates and scintillation measurement for appropriate detection of in vitro synthesized lipids. These factors hamper the use of conventional techniques in high throughput formats. To address this problem, a homogeneous scintillation proximity assay (SPA) was developed to quantify the activity of DGAT in vitro. 68 SPAs rely on the close association between a high energy β-particle radioisotope such as tritium and a beadcontaining scintillant which emits light upon stimulation. When a radioisotope decays, the β-particle has a short transferring path length and the energy easily dissipates in the aqueous solution without being detected. When in close proximity to the bead, the energy of the β-particle is transferred to the scintillant, resulting in light emission that can be detected by photo multiplier tube-based liquid scintillation counters or other charge-coupled device imaging systems. 69 This assay has been routinely used to detect and quantify the activity of a variety of enzymes and is well documented in the literature. [70] [71] [72] [73] DGAT SPA was developed using DAG and tritium-labelled acyl-CoA as substrates. The radiolabelled TAG product is bound to SPA beads, and the close proximity of tritium to the beads generates a signal that can be easily detected while the excess of tritium-labelled acyl-CoA is quenched by bovine serum albumin, remaining undetected. 68 The signal can be detected in the same reaction container, avoiding further processing, and it is stable for at least 20 hours, making the assay amenable for multi-well plate formats. It is important to consider that the specificity of the detection depends on the affinity of the product for the bead as well as a reliable quenching mechanism. The DGAT SPA was evaluated with different types of beads and the yttrium oxide (YOX) polylysine and the yttrium silicate (YS) polylysine beads resulted in the best signal/background ratios. YOX and YS beads also presented affinity for DAG and, therefore, the same assay format can detect the activity of MGAT which uses monoacylglycerol and acyl-CoA to form DAG. 68 It is plausible to assume that extension of this method to other enzymes synthesizing TAG and other neutral lipids (such as ACATs, WSs, and PHA synthases) will be possible with technical adjustments to optimize the interaction between the synthesized lipid and the bead.
DGAT inhibition experiments confirmed a good correlation between IC 50 values obtained by standard methods and by SPA methods, showing that this technology can be applied as a HTS of target-specific DGAT inhibitors for the development of novel drugs. 74 In this case, the HTS design would consist of a membrane preparation containing a single recombinant DGAT tested against libraries of small molecular weight compounds. DGAT SPA can also facilitate the study of kinetic parameters of DGATs and the development of substrate selectivity assays in large scale. These types of experiments have not been extensively explored because of the technical difficulties previously discussed.
Cell-based assays: lipotoxicity as a basis for positive selection
Virtually any cell has the ability to synthesize neutral lipids as a buffering mechanism to regulate the level of intracellular fatty acids but, among mammalian cells, only adipocytes are specialized for storing considerable amounts of fat. Nonadipose tissues have limited capacity for TAG synthesis and when this biochemical pathway is saturated, it results in accumulation of important signalling molecules such as DAG and sphingolipids, leading to cellular dysfunction. For instance, saturated fatty acids are precursors for ceramides, a sphingolipid that induces apoptosis. 75 This phenomenon, known as lipotoxicity, plays an important role in different pathologies, 76, 77 and has been associated with lack of DGAT activity in animal cells. For example, in Drosophila DGAT (−/−) knockout, egg chambers contain reduced levels of neutral lipids and undergo premature cell death. 78 Supplementation of wild-type Chinese hamster ovary cells with exogenous oleic acid is well tolerated and leads to TAG synthesis, but causes lipotoxicity in DGAT (−/−) knockouts. 79 Induction of lipotoxic cardiomyopathy in mice is prevented by expression of DGAT1 in the heart, reducing the levels of DAG, ceramide, and free fatty acids, and arguably improving heart function. 80 As with animal cells, lipotoxicity has also been observed in yeast. dga1, lro1, are, and are2) . 81 While dga1 and lro1 (encoding a DGAT2 and PDAT, respectively) are responsible for most of TAG synthesis, are1 and are2 catalyze the synthesis of SEs, contributing minimally to TAG accumulation. Yeast has a natural ability to internalize exogenous fatty acids, 82, 83 and although H1246 is viable under normal growth conditions, recent studies demonstrated that supplementation of oleic acid induces lipotoxicity in this strain, resulting in cell death. [84] [85] [86] This phenotype can be effectively elicited by mono-and polyunsaturated fatty acids. Curiously, supplementation of palmitic acid could reverse the effect of oleic acid, indicating that imbalances of fatty acid composition in the membrane play an important role in lipotoxicity. Characterization of the cellular and genetic events following fatty acid supplementation revealed the mechanisms involved in lipotoxicity. These mechanisms are initiated by generalized transcriptional changes in reaction to stress, followed by production of reactive species of oxygen, membrane proliferation, and induction of unfolded protein response, and culminated in cell death. 84, 85 Genetic screens with different acyltransferase mutants identified diacylglycerol kinase (encoded by dgk1) and phosphatidylethanolamine N-methyltransferase (encoded by opi3) as modulators of lipotoxicity. 84 A similar phenomenon was found in the fission yeast Schizosaccharomyces pombe double knockout (DKO) (MBY266 plh1−∆::HIS3, dga1−∆::URA4) disrupted in plh1 and dga1 that encode PDAT and DGAT2, respectively. DKO presents a significant decrease in TAG accumulation and decreased viability when the cells enter the stationary growth phase. 87 The lipotoxic phenotype in H1246 induced by oleic acid was reversed with the expression of DGAT1, DGAT2 or PDAT from different organisms [84] [85] [86] and was used to select clones displaying DGAT activity in a library of mutagenized DGAT1, 35 demonstrating the utility of this phenotype as a positive selection system. This activity-based selection procedure could be used to screen cDNA libraries and identify novel enzymes using functional genomics approaches or to select active clones in directed evolution projects. An activity-based selection system is pivotal in the complete screening of larger libraries (ie, 100,000 events) that otherwise could be challenging to analyze completely. Activitybased screenings have been used in directed evolution of many enzymes including endopeptidases, xylose reductase, and cytochrome P450 propane monooxygenase. [88] [89] [90] [91] [92] The reversion of lipotoxicity could be possibly used for other enzymes such as WSs. As previously described, these enzymes also utilize acyl-CoA and therefore may be used to detoxify supplemented fatty acids to H1246.
Although this activity-based screening enhances dramatically the capability of HTS strategies, it lacks a quantitative dimension. Moreover, it was also documented that expression of other genes, such as diacylglycerol kinase, can reverse fatty acid induced lipotoxicity, which could mask the effects of neutral lipid biosynthesis in functional genomics attempts. 84, 87 Therefore, high throughput methods enabling detection of neutral lipids are still needed to complement this activity-based selection.
Cell-based assays: in situ fluorescent quantification of neutral lipids
Fluorescence-based assays are widely applied in life sciences to detect proteins, compounds, interactions, and functions in live organisms. A plethora of fluorophores that excite and emit over a broad spectrum of wavelengths allows simultaneous monitoring of multiple events, making fluorescence-based assays suited to high throughput experiments. Nile red is a fluorescent dye commonly used to stain neutral lipid particles. It exhibits differential fluorescence properties depending on the type of lipid with which it associates. 93 A yellow fluorescence is observed at excitation 460 nm and emission 505-555 nm when Nile red associates with neutral lipids. Red fluorescence is produced with excitation 540 nm and emission 590 nm when it is associated with polar lipids. 94 Interaction with PHAs indicated a maximum excitation between 540 to 560 nm and emission between 570 to 605 nm. 95 Nile red is quenched in water and moves freely across cellular membranes making it possible to stain living cells with a single procedure, eliminating the need for sample preparation or wash. These characteristics make this dye useful as an indicator of neutral lipid content in high throughput assays.
Nile red has been extensively used to identify PHAs in bacteria using flow cytometry techniques. [96] [97] [98] [99] The combination of Nile red staining and flow cytometry is of special interest because it allows the isolation of subpopulations from a cell culture exhibiting a desired phenotype of neutral lipids. Direct supplementation of Nile red in the solid medium allows visualization of PHA in bacterial colonies as a qualitative assay, 100 and this technique was used in the HTS for directed evolution of PHA synthase. 101 The HTS consisted of a primary semiquantitative screening of bacterial colonies in solid medium containing Nile red, followed by secondary assays based on liquid and gas chromatography. Of 8337 colonies Although Nile red can infiltrate most cells and tissues, permeation in live bacteria is only partially efficient, often requiring fixing steps to improve cell permeability, which decreases the viability of the cells after flow cytometry sorting. Adaptation of a sucrose shock permeation treatment allowed Nile red to enter the cells and provided reliable quantification of poly-3-hydroxybutyrate (PHB) in Escherichia coli while maintaining satisfactory cell viability. 102 Nile red staining of PHAs was used in an inverse metabolic engineering approach to identify high PHB strains of Synechocystis PCC 6803, a freshwater cyanobacterium. 103 Screening of a library containing 10,000 gene disruptions in Synechocystis using fluorescence-activated cell sorting allowed the identification of two knockouts that resulted in significant increases in PHB accumulation. In eukaryotes, Nile red was used to screen marine unicellular organisms using flow cytometry 104, 105 or conventional spectrofluorimetry. 106 In both cases, the Nile red assay showed good correlation between the fluorescence signal, red/yellow ratio, and the lipid content measured by gravimetry, highlighting the value of the method in the rapid characterization of microalgae lipid composition. A high throughput-compatible assay was also demonstrated in vertebrates for the screening of small molecules or genes regulating fat metabolism. This model was based on concomitant small molecule treatment and Nile red feeding on zebrafish larvae for several days followed by microscopic analysis. 107 Nile red was also used to determine the activity of recombinant DGATs expressed High throughput detection of neutral lipids Dovepress submit your manuscript | www.dovepress.com Dovepress in S. cerevisiae strain H1246, showing a positive correlation between enzyme activity and the fluorescence measurement. 86 Because H1246 lacks endogenous neutral lipids, a single protein target can be assessed, presenting a great advantage for study of the activity of these enzymes in a eukaryotic expression system. The combination of the lipotoxicity-based selection and Nile red assay in the H1246 strain is useful for a directed evolution approach. A flow diagram illustrating a HTS used in directed evolution of DGAT1 35 is shown in Figure 1 . The expression in yeast strain H1246 also has the potential to identify modulators of enzyme activity which could be small molecular weight inhibitory compounds with potential therapeutic properties.
Perspectives in neutral lipid HTS
In this review we described an array of methods that can be used in HTS of enzymes involved in the synthesis of neutral lipids. It will be worthwhile to explore variations of these assays in different conditions and combinations. Establishing lipotoxicity-based selection in other organisms would greatly benefit cell-based assays. For example, reversion of the lipotoxic phenotype with TAG-synthesizing enzymes in S. pombe DKO cells 87 should be assessed. In addition, the use of mammalian cells in drug discovery research might increase the rate of success for the development of novel therapies. It would be also helpful to establish a selection system for WSs by supplementing H1246 or DKO cells with fatty acids and fatty alcohols concomitantly. The development of novel cell-based assays could also be used to increase the performance of recombinant enzymes in the host organisms. For example, plant cell expression systems could be used to increase the adaptation of prokaryotic PHA synthases to the eukaryotic environment using directed evolution. Nile red assays are clearly the method of choice for in situ detection of neutral lipids in HTS. Incorporation of the red/yellow fluorescence ratio to distinguish different classes of lipids in the same sample would increase the quality of the assay. Finally, the use of the scintillation proximity assay will facilitate the characterization of kinetic parameters and substrate selectivity of novel enzyme variants generated by directed evolution.
